Otolin-1 is a collagen-like protein expressed in the inner ear of vertebrates. It provides an organic scaffold for otoliths in fish and otoconia in land vertebrates. In this study, the expression and purification procedure of C1q-like domain of otolin-1 from human and zebrafish was developed. The structure and stability of the proteins were investigated. The results of sedimentation velocity analytical ultracentrifugation and small-angle X-ray scattering indicated that the C1q-like domain of otolin-1 forms stable trimers in solution in the presence of calcium ions. It was also observed that calcium ions influenced the secondary structure of the proteins. C1q-like domains were stabilized by the calcium ions. The human variant was especially affected by the calcium ions. The results indicate the importance of the C1q-like domain for the assembly of the organic matrix of otoliths and otoconia.
Introduction
The inner ear of vertebrates contains organs responsible for perceiving sound and balance. Semicircular canals are responsible for detecting rotational movement. The utricle, saccule and lagena contain calcium carbonate biominerals which are used to detect linear acceleration and sound. In land vertebrates, auditory function was gradually separated from biomineralized structures to nonmineralized cochlea [1] . The inner ear of fish contains three relatively large otoliths, which are composite biominerals containing calcium carbonate of the aragonite polymorph (approximately 96% dry weight), an organic matrix (up to 4%) and trace inorganic components other than calcium carbonate (up to 1%) [2] . Otoliths are tethered to sensory epithelium by a thin otolith membrane and grow throughout the whole life of a fish [3] . In contrast to the large fish otoliths, the balance organ of land vertebrates contains gelatinous membranes in which thousands of small (approximately 1 9 10 lm) otoconia are embedded. These biominerals are also composites of calcium carbonate and an organic matrix. The polymorph of calcium carbonate incorporated in otoconia changes from Abbreviations 2ME, 2-mercaptoethanol; BPPV, benign paroxysmal positional vertigo; C1QL, C1q-like protein; dOtol, gene-coding zebrafish otolin-1; dOtolC1q, C1q-like domain of otolin-1 from zebrafish; DSF, differential scanning fluorimetry; f/f 0 , frictional ratio; hC1QTNF5, human complement C1q tumour necrosis factor-related protein 5; hOtol, gene-coding human otolin-1; hOtolC1q, C1q-like domain of otolin-1 from human; IMAC, immobilized metal ion affinity chromatography; MW app , apparent molecular weight; MW seq , molecular weight calculated from the amino acid composition; NSD, normalized spatial discrepancy; Oc90, otoconin-90; OMM-64, otolith matrix macromolecule-64; OMP-1, otolith matrix protein-1; OtolC1q, C1q-like domain of otolin-1; OVA, hen egg albumin; PMCA2, plasma membrane Ca 2+ -ATPase 2; s 20;w , integrated water-corrected sedimentation coefficient; Stm, Starmaker; StmL, Starmaker-like; SPARC, secreted acidic cysteine-rich glycoprotein; TB, terrific broth; TNFa, tumour necrosis factor-a.
aragonite in amphibians, through mixture of aragonite and calcite (3 : 1) in reptiles, to pure calcite in birds and mammals [4] . Otoconia are formed during early development and do not grow nor regenerate during a lifetime [5] . The inability to regenerate leads to age-or drug-related degradation of the otoconia. Partly degenerated otoconia can be released from the gelatinous membrane to semicircular canals and cause the benign paroxysmal positional vertigo (BPPV) [6] .
Despite the presence of an organic matrix, it has been shown that otoconia diffract as single crystals [4, 7] . The ultrastructure of otoconia is a matter of debate. Electron microscopy and immunochemical data obtained from freeze-fractured otoconia suggest that they are composed of a strongly mineralized shell and a weakly mineralized core [7, 8] . In contrast, the effects of demineralization by EDTA, acids, deionized water or aminoglycoside drugs, as well as observations of otoconia isolated during inner ear surgery, point to the fact that otoconia are continuous crystals, in which chemically resistant 'branch' regions and a more porous, chemically pliable 'belly' region can be distinguished [6, 9, 10] .
Organic matrix of otoliths and otoconia, which accounts for only approximately 2% of their mass, is essential for the proper formation of these biominerals. Otolin-1 was identified as the primary structural protein of otoliths and otoconia that provides a scaffold for growing biominerals [8, [11] [12] [13] . Highly acidic calcium-binding proteins including Starmaker (Stm) from zebrafish and its functional fish homologues [14] [15] [16] [17] [18] [19] , or otoconin-90 (Oc90) from mammals [20, 21] are required to sequester calcium ions and regulate the growth of otoliths and otoconia. Other proteins identified in otoliths and otoconia include: otolith matrix protein-1 (OMP-1) [22] , otoc-1 [23] and secreted acidic cysteine-rich glycoprotein (SPARC) [24, 25] . Other proteins are required for regulating biomineral growth at the cellular level, such as carbonic anhydrase and the PMCA2 (plasma membrane Ca 2+ -ATPase 2) calcium ion pump, which maintain the correct composition of the endolymph [26] [27] [28] [29] . Signalling proteins such as otopetrin-1 are also required [30] [31] [32] .
The term 'otolin' was defined as a high molecular weight otolith matrix protein, the composition of which has not significantly changed during evolution [33] . Subsequent research has revealed that it is a short chain, collagen-like protein from the C1q superfamily [11, 13, 34] . It has been shown that otolin-1 is expressed exclusively in the inner ear. Immunostaining experiments indicate that in both zebrafish and mice, otolin-1 is present in the biominerals, in the gelatinous membranes connecting the biominerals with the sensory epithelium and inside the supporting cells of inner ear sensory epithelia [11, 13] . Diurnal changes of expression of otolin-1 in rainbow trout (Oncorhynchus mykiss) suggest that this protein is directly involved in biomineral growth [35, 36] . Inhibition of expression of otolin-1 causes fusion of the otoliths in zebrafish embryo [12] . Otolin-1 requires OMP-1 in zebrafish or Oc90 in mice in order to be included into the biomineral organic matrix [12, 21] . A cell culture biomineralization assay showed that otolin-1 is capable of inducing calcification of the extracellular matrix of mouse fibroblasts [37] . In a vapour diffusion assay, recombinant otolin-1 had a significant effect on the shape of calcium carbonate crystals, apparently through the anisotropic acceleration of the crystallization of calcite. It was also shown that otolin-1 is capable of forming a filamentous network similar to that formed by collagen X [38, 39] . Interestingly, BPPV patients have elevated serum otolin-1 levels [40] . All these data suggest that otolin-1 is essential for biomineralization, not only as a scaffold but also as a regulatory component.
Otolin-1 is highly similar to other proteins from the C1q superfamily, namely collagen X, collagen VIII, adiponectin and C1q [11] . These proteins have a globular C1q-like domain, which has tremendous potential to interact with other biomolecules [41] [42] [43] . The presence of the C1q-like domain in otolin-1 suggests that it may serve as an interaction hub in the organic matrix of otoliths and otoconia. Atomic force microscopy and electron microscopy studies have shown that mammalian otolin-1 may be involved in the formation of a hexagonal framework inside otoconia, in which otolin-1 chains may be interconnected by the C1q-like domain [39] .
Although in vitro and in vivo experiments show that otolin-1 is an essential component of the calcium carbonate biomineralization system in the inner ear, information about its structure is scarce. In this study, the hydrodynamic properties, secondary structure, tertiary structure and oligomerization state of the C1q-like domain of otolin-1 (OtolC1q) from human (hOtolC1q) and zebrafish (dOtolC1q) were investigated. The influence of calcium ions on the structure of OtolC1q and differences between human and zebrafish proteins were explored. Small-angle X-ray scattering (SAXS) and sedimentation velocity analytical ultracentrifugation (SV) made it possible to detect trimers of OtolC1q. Calcium ions promoted oligomerization and influenced the secondary and tertiary structure of both hOtolC1q and dOtolC1q. Calcium ions also strongly stabilized OtolC1q. Detailed structural information obtained from circular dichroism (CD) and SAXS experiments showed that the structure of OtolC1q is similar to these of other globular domains from the C1q superfamily. Our data lead to the conclusion that calcium-dependent trimerization of OtolC1q may be crucial for the proper assembly of full-length otolin-1.
Results
Comparing hOtolC1q and dOtolC1q to other proteins from the C1q superfamily
The domain structure of otolin-1 is typical for the C1q-like proteins (Fig. 1A) . Collagen-like chain and the C1q-like domain, which is often stabilized by calcium ions, are engaged in the trimeric assembly of the proteins from C1q superfamily [44] . OtolC1q is especially similar to the C1q-like domains of collagen X (NC1 domain), collagen VIII (NC1 domain), adiponectin and serum C1q protein (Fig. 1B) . Calciumbinding Asp residues of collagen X and adiponectin are conserved in otolin-1, therefore, it may bind calcium ions via the C1q-like domain. Moreover, OtolC1q is highly conserved across species. Sequences of hOtolC1q and dOtolC1q are 45% identical, and many other residues are conservative, which emphasizes the significance of the C1q-like domain for the function of otolin-1. Models for hOtolC1q and dOtolC1q created by the I-TASSER server suggest a high structural similarity to the NC1 domain of collagen X (Fig. 1C,D) . The structural core of the OtolC1q model, which is composed of 10 b-strands, appears to be greatly similar to the core of the NC1 domain of collagen X. This is supported by the fact that the hydrophobic regions are highly conserved between these proteins (Fig. 1B) . The putative calcium-binding residues of otolin-1, which were identified in a sequence alignment, are also in very similar positions as in collagen X (Fig. 1C,D) .
Protein expression and purification
hOtolC1q and dOtolC1q were purified using Co 2+ metal affinity chromatography (IMAC) and gel filtration (Fig. 2) . After IMAC, hOtolC1q contained a small amount of high molecular weight (high MW) impurities ( Fig. 2A , lane E). dOtolC1q was very pure (Fig. 2B , lane E). In both cases, gel filtration on a Superdex 75 HiLoad 16/600 prep grade column (GE Healthcare, Little Chalfont, UK) was used to remove contaminants ( Fig. 2A,B 
Oligomerization of hOtolC1q and dOtolC1q
We conducted analytical gel filtration and SV experiments in order to investigate the oligomerization state of OtolC1q. These experiments were performed in the absence or in the presence of calcium ions. The results are summarized in Figs 3 and 4 and Table 1 .
In the gel filtration experiment, both in the absence and in the presence of calcium ions, two weakly resolved peaks were observed for hOtolC1q. The apparent molecular weights (MW app ) of the peaks were 30.1 kDa and 48.7 kDa, and since the MW seq of hOtolC1q equals 17.0 kDa, this suggests the presence of dimers and trimers (Fig. 3A) . For dOtolC1q, in the absence of calcium ions, a single peak was detected with MW app 14.6 kDa, which when compared with the MW seq of dOtolC1q (17.1 kDa), indicates the presence of a monomer (Fig. 3B ). In the presence of calcium ions, a second peak with MW app of 20.5 kDa was observed. The dOtolC1q monomer peak also had a higher MW app in the presence of calcium ions (15.3 kDa). The 20.5-kDa peak does not clearly indicate the presence of dOtolC1q dimers. It suggests that the protein may be in equilibrium between monomer and dimer or higher order oligomer.
The results of gel filtration experiments show that calcium ions influenced the structure of hOtolC1q and dOtolC1q. The changes were especially clear for dOtolC1q, which was prone to oligomerization only in the presence of calcium ions. In order to further Residues involved in binding of calcium ions, which were identified in crystal structures are shown in white on the black background. Conserved putative calcium-binding residues of otolin-1 are shown in white on the red background. K693 residue of human collagen VIII, which blocks the calcium-binding site [59] , is shown in red. Compared sequences correspond to human (h), zebrafish (d), murine (m), and keta (k) proteins. Default ClustalX colour pattern was used. (C,D) I-TASSER model of hOtolC1q (purple) and dOtolC1q (orange) aligned with the crystal structure of the NC1 domain of the collagen X a1 chain (grey, PDB ID: 1GR3). Conserved calcium-binding residues of hOtolC1q are shown as orange sticks, of dOtolC1q as purple sticks. Calcium-binding residues of collagen X are shown as green sticks. N-terminal residues of hOtolC1q and dOtolC1q are shown as blue sticks, C-terminal residues as red sticks. Calcium ions present in the structure of the NC1 domain of the collagen X a1 chain are shown as yellow spheres.
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In the absence of calcium ions, hOtolC1q formed main species, which sedimentation coefficient was between 2.29 and 2.37 S (s 20 The sedimentation profile of dOtolC1q is different than that of hOtolC1q. Species with MW app between MW seq of a monomer and a trimer were observed, both in the absence and in the presence of calcium ions (Fig. 4C,D) . In a buffer containing 1 mM EDTA, dOtolC1q was in a monomer-dimer equilibrium. In the presence of calcium ions, stable species with MW app around 26 kDa (s 20,w between 2.44 and 2.59 S) and 42 kDa (s 20,w between 3.41 and 3.49 S) were detected. Increase in the protein concentration increased the signal of heavier species. These results suggest that calcium ions increase the oligomerization propensity of dOtolC1q. This effect can also be observed on a s 20;W (c) plot (Fig. 4F) . The sedimentation coefficient of the heavy species of dOtolC1q detected in the presence of 10 mM CaCl 2 was almost identical as for trimers of hOtolC1q, therefore we conclude that it corresponds to the trimers of dOtolC1q. The lighter species correspond 
-2ME + 2ME Fig. 2 . Purification of (A) hOtolC1q and (B) dOtolC1q. Proteins were purified using Co 2+ metal affinity chromatography (IMAC) and gel filtration. Fractions were collected and analysed using SDS/ PAGE. S -soluble proteins, M -protein MW marker, U -unbound proteins from IMAC, W -proteins eluted with 30 mM imidazole, E -target protein eluted with 210 mM imidazole, F -final product after gel filtration, + 2ME -samples under reducing conditions, À 2ME -samples under nonreducing conditions. About 10 lg of E and F were analysed by Coomassie Brilliant Blue staining, 1 lg of F was analysed by western blotting (in grey). to the dimers of dOtolC1q. Observed MW app inaccuracies may be introduced by the erroneous estimation of partial specific volumes of hOtolC1q and dOtolC1q or by nonideal sedimentation. Similar to hOtolC1q, dOtolC1q is a globular protein as its f/f 0 was between 1.28 and 1.31. The MW app values calculated for 0.1-0.5 mgÁmL À1 dOtolC1q with SEDFIT were higher than the MW app calculated from the gel filtration experiment, in which the proteins were injected at 0.5 mgÁmL
À1
. Since the MW app calculated from the SV depends on the concentration of the protein, the lower MW app observed in the SEC can be explained by the dilution of the protein on the column, as the peak signal observed during the SEC corresponds to approximately 0.035 mgÁmL À1 of both hOtolC1q and dOtolC1q, lower than any of the protein concentrations used in SV. s 20;w values increased significantly with increasing concentrations of hOtolC1q and dOtolC1q in the presence of 1 mM EDTA (Fig. 4E,F) . Clearly defined monomeric, dimeric or trimeric species were absent at these conditions. This indicates that the dynamic selfassociation equilibrium was present. If the rates of association and dissociation reactions are high, multiple association and dissociation events may occur during the SV experiment conducted overnight. This leads to the appearance of 'intermediate species' with s and MW app values between that of a monomer and an oligomer [47, 48] . In the case of dOtolC1q with 10 mM CaCl 2 , the increase in s 20;w with increasing concentration is caused by the increasing amount of the trimer relative to the dimer. We conclude that calcium ions induced trimerization of hOtolC1q and dOtolC1q. Influence of calcium ions on the secondary structure of hOtolC1q and dOtolC1q
Circular dichroism spectroscopy was employed to test if the observed changes in the oligomerization states of hOtolC1q and dOtolC1q were accompanied by changes in secondary and tertiary structures (Fig. 5) .
The far UV CD spectra of hOtolC1q and dOtolC1q (Fig. 5A,B) are typical for proteins composed mainly of antiparallel b-strands, that is characterized by a negative band at 218 nm. A positive band between 230 and 240 nm suggests the contribution of aromatic residues (Tyr, Trp) to the spectra. Trp residues may significantly contribute to the CD spectra of proteins with a low a-helical content [49] [50] [51] . A similar signal was observed for the globular domain of C1q [52] . A steep increase in ellipticity below 210 nm was also apparent for hOtolC1q with 1 mM CaCl 2 or more , and it was even more so for dOtolC1q with 10 and 100 mM CaCl 2 , which indicates that the amount of b-structures in these proteins increased with an increase in the concentration of calcium ions [53, 54] . The same calcium ion concentrations increased the CD signal between 230 and 240 nm, which indicates that calcium ions influenced the surroundings of the Trp and Tyr residues of OtolC1q. The structural changes in OtolC1q were reflected in the secondary structure analysis conducted using CDPRO software, which suggests that new b-structures may have been formed in place of the disordered structures of OtolC1q when the calcium ion concentration was increased (Fig. 5C,D) . At 100 mM CaCl 2 , the total estimated content of b-structures in hOtolC1q and dOtolC1q was 44 and 45%, respectively, which is very close to the values estimated through I-TASSER modelling (45 and 46%, respectively).
Thermal stability of hOtolC1q and dOtolC1q
As discussed above, calcium ions had a significant influence on the structure of hOtolC1q and dOtolC1q. Thermal denaturation studies using CD (thermal CD) and SYPRO Orange fluorescence (differential scanning fluorimetry -DSF) made it possible to assess the stability of the secondary and tertiary structures and sample the conformational changes in the protein during thermal denaturation. These experiments showed that calcium ions stabilized the proteins (Fig. 6 ). The stabilization of hOtolC1q was observed at lower calcium ion concentrations than for dOtolC1q. Calculated T m values are presented in Table 2 . Thermal CD at 218 nm made it possible to observe the denaturation of the b-structures of the proteins. In order to analyse changes in the signal arising from aromatic residues of hOtolC1q and dOtolC1q, thermal CD at 233 nm was conducted in parallel. During the heating procedure, an increase in the CD signal at 218 nm and a small decrease at 233 nm (not shown) appeared. In the DSF, the fluorescence of the environmentally sensitive SYPRO Orange dye means that the binding of the probe to the hydrophobic regions of the protein occurs. This happens mostly during protein denaturation, when the protein core becomes exposed to the solvent [55] . Changes in the SYPRO Orange fluorescence may also coincide with changes in the tertiary structure if the hydrophobic regions are exposed in the native state of the protein [56] . The results of thermal CD and DSF were similar. In the absence of calcium ions, both hOtolC1q and dOtolC1q had a T m near 40°C. After calcium ions were added, the stability of the proteins increased. hOtolC1q was partly stabilized in 0. Low concentration of calcium ions (0.1 mM) was enough to partially stabilize the secondary structure of hOtolC1q, as observed by thermal CD. Higher concentration of calcium ions (1 mM) was needed to partially stabilize the tertiary structure of hOtolC1q, as observed in the DSF. These observations suggest that for hOtolC1q the secondary structure was stabilized more efficiently by the calcium ions than the tertiary structure. Both experiments show that hOtolC1q was very stable in the presence of 10 mM CaCl 2 . dOtolC1q was partly stabilized in 10 mM CaCl 2 and very stable in 100 mM CaCl 2 . Additionally, high initial fluorescence of the SYPRO Orange was observed for hOtolC1q and dOtolC1q for calcium ion concentrations below needed to stabilize the proteins. Upon heating, the signal decreased and subsequently rose again, when the denaturation occurred. The high initial fluorescence may be caused by the presence of exposed hydrophobic regions on the surface of a protein in its native state [56] . Indeed, hydrophobic pockets have been observed on the solvent-exposed surface and near the trimerization interface in the crystal structure of the NC1 domain of collagen X, which is similar to OtolC1q [57] .
SAXS studies of hOtolC1q and dOtolC1q
In order to obtain more detailed structural information about hOtolC1q and dOtolC1q in solution, we performed SAXS experiments in the presence of 1 mM EDTA and 10 mM CaCl 2 (Fig. 7A,B) .
The values of R g , obtained from the Guinier plot analysis (Fig. 7C,D are 24.8 AE 0.5 and 24.2 AE 0.6 A respectively. This indicates that the overall shape of hOtolC1q may be slightly influenced by the calcium ions. In the case of dOtolC1q, we conclude that the observed change in R g is very small. Using the Indirect Fourier Transform method implemented in GNOM program, we calculated the pair distance distribution functions p(r). The p(r) functions for human and zebrafish proteins are similar and have a shape typical for globular proteins, which has a single maximum and bell-shaped characteristic, both in the presence and the absence of calcium ions (Fig. 7E,F) . The shape of p(r) plot calculated for hOtolC1q with 1 mM EDTA indicates that the protein may adapt more extended conformation than in the presence of 10 mM CaCl 2 . This is indicated by the higher p(r) values for radii above 50 A. Dimensionless Kratky plots (Fig. 7G,H) allow to conclude that hOtolC1q and dOtolC1q are globular proteins, although they may contain some flexible regions. This supports the conclusion drawn from the CD experiments that disordered regions may be present in hOtolC1q and dOtolC1q. The values of R g calculated from p(r) are consistent with the values calculated from the Guinier analysis (Table 3 ). The D max calculated from the data for hOtolC1q in the presence of 1 mM EDTA and 10 mM CaCl 2 are 87.5 and 79.5 A, respectively, for dOtolC1q 82.3 and 80.0 A respectively. The MW app values estimated for hOtolC1q in the presence of 1 mM EDTA and 10 mM CaCl 2 are 55.9 and 52.9 kDa, respectively, which is close to the MW seq of OtolC1q trimer (51.0 kDa). The MW app values estimated for dOtolC1q in the presence of 1 mM EDTA and 10 mM CaCl 2 are 45.4 and 40.7 kDa respectively (Table 3) . Discrepancies are higher than in the case of hOtolC1q and may result from higher noise in the SAXS data.
The sequence alignment of the C1q-like domains of proteins from the C1q superfamily revealed that hOtolC1q and dOtolC1q are similar to other C1q-like domains. To verify the structural analogies, scattering curves of C1q-like domain trimers were calculated using the atomic structures of the domains from respectively. Filled squares indicate data ranges which were used to calculate T m . (PDB ID: 1C3H) (Boggon, T., Scherer, P., Shapiro, L., unpublished data) and C1q (PDB ID: 2WNU) [60] . The fits of experimental data and theoretical scattering functions are presented in Fig. 8A ,B for hOtolC1q and in Fig. 9A ,B for dOtolC1q. From the four tested proteins, the structure of TNFa gave the best fit to the scattering data for hOtolC1q and dOtolC1q, as indicated by the lowest v 2 values. Molecular docking by SymmDock did not yield perfect models of hOtolC1q and dOtolC1q, but it allowed to perform subsequent Ensemble Optimisation Method (EOM) analyses and find ensembles of molecules describing the systems fairly well (Figs 8 and 9C,D) . The distributions of particle volumes obtained from the EOM analysis indicate that in the presence of 1 mM EDTA, hOtolC1q forms mostly dimers and trimers. Some monomers and hexamers may also exist (Fig. 8E ). In the presence of 10 mM CaCl 2 , mostly trimers of the protein are present. Monomers and dimers may also exist (Fig. 8F ). In the presence of both 1 mM EDTA and 10 mM CaCl 2 , dOtolC1q, may exist mostly as dimers and trimers and in smaller part as monomers and hexamers (Fig. 9E,F) . The results of EOM analyses for hOtolC1q are in almost complete accordance with the results of SV. In the case of dOtolC1q, contrary to the SV, the results of EOM analyses indicate that more dimers relative to trimers may form in the presence of 10 mM CaCl 2 than in the presence of 1 mM EDTA. Additionally, hexamers of dOtolC1q were detected in EOM. This may be the result of lower quality of SAXS data for dOtolC1q than for hOtolC1q resulting from the lower protein concentration (0.96 mgÁmL À1 for dOtolC1q, 3.42 mgÁmL À1 for hOtolC1q). Nevertheless, EOM analyses allowed to create models of trimeric hOtolC1q and dOtolC1q (Figs 8 and 9G ). They indicate that the proteins adapt compact structures similar to these of other C1q-like domains. We also modelled low resolution structures of dOtolC1q and hOtolC1q using the ab initio approach. In this method, the structure of the protein molecule is modelled as an ensemble of 'dummy atom' beads which fit to the experimental SAXS data set. Lowresolution ab initio structures of dOtolC1q and hOtolC1q were calculated using the DAMMIN program from the ATSAS package. The models have shapes similar to the TNFa trimer (Fig. 10) . The TNFa structure can be fitted nearly fully to the hOtolC1q model (Fig. 10C,D) . The structure of dOtolC1q appears to be more compact than that of TNFa (Fig. 10A,B) . The trimer models obtained from EOM can be fitted into ab initio models very well, too (not shown). Both proteins appear to have extensions at the base and at the top of the trimer globular core.
The extensions at the base of the trimer may be created by the loops surrounding putative calcium-binding sites. Corresponding loop regions of TNFa fit into the extensions very well. The extensions at the top of the trimers have no corresponding regions in the TNFa structure. We conclude that they may reflect the extended N-terminal His-tag. Alternatively, they may be resulting from the presence of small amount of hexamers or other high MW species of hOtolC1q and dOtolC1q. Calculated MW app values and fitting the structure of the TNFa trimer into the models derived from SAXS additionally confirms that hOtolC1q and dOtolC1q exist as trimers in solution.
Discussion
Three notable features of the C1q superfamily of proteins are a 10-stranded b-sandwich fold with a jelly roll topology in the globular C1q-like domain, a trimeric structure and the ability to bind calcium ions [43] . The I-TASSER model of hOtolC1q and dOtolC1q indicates that these domains may adopt the characteristic fold. This is supported by far UV CD data, which revealed a high b-structure content, especially in the presence of calcium ions. SV and SAXS analysis of hOtolC1q and dOtolC1q confirmed the formation of trimers in solution. The low-resolution models reconstructed for both proteins exhibited very similar shapes to the crystal structure of the TNFa trimer [58] .
Crystal structures of collagen X, adiponectin and C1q-like proteins (C1QL) showed that calcium ions are bound at the axis of the globular C1q-like domain trimer [44, 57, 61] . The influence of calcium ions on the stability of the trimer was investigated in detail for C1QL [44] . It was shown that the removal of calcium ions drastically decreased the thermal stability of C1QL. Similarly, C1QL became less stable when calcium-binding residues were mutated. Our SV data indicated that calcium ions were essential for the assembly and stabilization of the hOtolC1q and dOtolC1q trimers. Thermal denaturation studies indicated that calcium ions had a strong stabilizing effect on both hOtolC1q and dOtolC1q. Interestingly, if hOtolC1q were in a calcium-free environment in vivo, it would probably become denaturated, because in the thermal CD and DSF, the denaturation began at approximately 35-37°C (see Fig. 6A,C) . A 0.1 mM concentration of calcium ions, which is within the physiological range of concentrations in the mammalian vestibule endolymph (133 AE 17 lM in the utricle, 92 AE 18 lM in the saccule, guinea pig) [62] , partly stabilized hOtolC1q. A decrease in the concentration of calcium ions in the endolymph, which may result from the use of ototoxic drugs, may therefore destabilize hOtolC1q in the otoconial membrane and near the surface of the otoconium, leading to the degradation and detachment of otoconia in vivo [6, 10] . The local concentration of calcium ions inside the otoconium crystal is higher than in the endolymph, thus, hOtolC1q inside an intact crystal should be very stable. The higher concentration of calcium ions required to stabilize dOtolC1q may be explained by the higher concentration of calcium ions present in the fish endolymph (1.0-1.3 mM, trout and turbot) [36, 63, 64] , which could be high enough to stabilize the protein in vivo. Although this was not investigated in this work, it is possible that hOtolC1q and dOtolC1q are additionally stabilized by macromolecular crowding. The high stability of the proteins in the presence of calcium ions suggests that otolin-1 provides a stable framework for the otoconia and otoliths in the presence of calcium ions. Additionally, the stronger oligomerization propensity and stability of hOtolC1q suggest that otolin-1 evolved towards a higher stability of oligomerized protein in lower concentrations of calcium ions. Another feature of proteins from the C1q superfamily is a high propensity to interact with various ligands via the C1q-like domains. This is especially evident for the C1q protein. Structural studies of C1q showed that it interacts with negatively charged molecules such as phosphatidylserine, heparan sulphate or DNA by ionic interactions [43] . Hydrophobic grooves present on the surface of the collagen X NC1 trimer also indicated an ability to bind other proteins through hydrophobic interactions [57] . The fact that hOtolC1q and dOtolC1q have high sequence similarity to both proteins suggests that they might interact with proteins from the organic matrix of otoconia and otoliths. In fact, interactions of mammalian otolin-1 with negatively charged Oc90 were observed. They were mediated by the collagen-like and C1q-like domains of otolin-1 [13, 37] . Interactions between zebrafish otolin-1 and Stm must be further investigated and confirmed.
Otoconia dissolution experiments and studies of degraded otoconia isolated from inner ear surgery patients indicated that BPPV can be caused by the misplacement of damaged biominerals into semicircular canals [6] . Clinical data suggested that BPPV may be correlated with ageing, osteoporosis and dysregulated calcium metabolism [65] [66] [67] . Additionally, the otolin-1 level in the serum of BPPV patients was elevated [40] . This research would point to a model of the delicate homoeostasis of otoconia. When calcium metabolism undergoes changes because of faulty hormonal control, the level of calcium ions in the endolymph may decrease up to the point in which the otoconia start to dissolve. If adverse changes persist, the otoconia may become degraded to such an extent that they can detach from the gelatinous membrane, causing BPPV. At the same time, instability of otolin-1 in a calcium ion-deficient endolymph and the subsequent release of the dissociated protein may lead to the degradation of the organic matrix and gelatinous layer, accelerating the release of the otoconia. Released otolin-1 can be detected in the serum.
In conclusion, this study provides insights into the structure of the C1q-like domains of human and zebrafish otolin-1. Secondary and tertiary structures and oligomerization states of these proteins confirm their classification as C1q superfamily members. Differences between human and zebrafish variants were explored. The importance of calcium ions for trimeric assembly was shown, highlighting the ability of otolin-1 to function as a matrix of calcium carbonate biominerals.
Methods

Buffers
The following buffers were used: lysis buffer (20 mM HEPES, 150 mM NaCl, pH 7.0), buffer A (HEPES 20 mM, NaCl 500 mM, pH 7.0), buffer B (HEPES 20 mM, NaCl 500 mM, glycerol 5% (v/v), pH 7.0), buffer C (HEPES 10 mM, NaCl 500 mM, glycerol 5% (v/v), pH 7.0). CaCl 2 was from Chempur (Piekary Sla z skie, Poland). If not otherwise stated, all other chemicals were from Carl Roth (Karlsruhe, Germany). All buffers were prepared in Milli-Q water (Merck, Darmstadt, Germany).
Molecular modelling
Multiple sequence alignment was used to identify residues most strongly conserved across species and proteins from the C1q superfamily. The NCBI BLAST (http://blast.ncbi. nlm.nih.gov/) PSI-BLAST [68] algorithm was used to identify proteins similar to hOtolC1q and dOtolC1q. Protein sequences from the PDB database were used. Protein sequences with an E-value below 0.001 were selected for analysis. Multiple sequence alignment was performed using ClustalX (http://www.clustal.org/) [69] and visualized using Jalview (http://www.jalview.org/) [70] .
The I-TASSER server (http://zhanglab.ccmb.med.umic h.edu/I-TASSER/) [71] was used to create models of hOtolC1q and dOtolC1q. Sequences as expressed were used as a query. The obtained model was visualized using VMD software (University of Illinois, http://www.ks.uiuc.edu/Re search/vmd/) [72] . Isoelectric points of hOtolC1q and dOtolC1q were estimated using the ProtParam tool (http:// web.expasy.org/protparam/).
Protein expression and purification
Genes coding full-length otolin-1 from human (hOtol) and zebrafish (dOtol) were codon-optimized for Escherichia coli and synthesized by GeneArt TM (Invitrogen, Carlsbad, CA, USA) based on NCBI RefSeq sequences NM_001080440.1 for hOtol and NM_001099741.1 for dOtol. Fragments 
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The FEBS Journal 284 (2017) 4278-4297 ª 2017 Federation of European Biochemical Societies coding the C1q-like domains of human (hOtolC1q) and zebrafish otolin-1 (dOtolC1q) were amplified by PCR using Phusion polymerase (Thermo Fisher Scientific, Waltham, MA, USA). PCR products were digested using BamHI and HindIII restriction enzymes (Thermo Fisher Scientific) and cloned into pQE-80L vector (Qiagen, Hilden, Germany), which introduced a His-tag (MRGSHHHHHHGS-) at the N-termini of target proteins. Construct integrity was verified using restriction digestion and sequencing.
Competent 
MALDI-TOF mass spectrometry
The MALDI-TOF spectra of hOtolC1q and dOtolC1q were collected with an ultrafleXtreme spectrometer (Bruker Daltonics, Billerica, MA, USA) calibrated with Protein Calibration Standard 1 (Bruker Daltonics). Samples of the proteins were subjected to the reverse phase chromatography using a Resource RPC column (GE Healthcare) in accordance with the manufacturer's protocol. Five microlitres of the sample was mixed with 5 lL of 50 mgÁmL 
Analytical gel filtration
The analytical gel filtration experiment was performed on a Superdex 75 10/300 GL column (GE Healthcare) equilibrated with buffer B supplemented with 1 mM EDTA or 10 mM CaCl 2 . The flow rate was set at 1 mLÁmin À1 . The column was calibrated for both eluents separately using blue dextran, bovine serum albumin (66.2 kDa), hen egg albumin (45 kDa), bovine erythrocyte carbonic anhydrase (29 kDa), equine skeletal muscle myoglobin (17.6 kDa) and equine heart cytochrome c (12.3 kDa). 0.5 mgÁmL À1 hOtolC1q and dOtolC1q were incubated in buffer B with 1 mM EDTA or 10 mM CaCl 2 for at least 1 h before injection. 100 lL of the sample was injected and protein elution was detected by absorbance at 280 nm. The MW app of hOtolC1q and dOtolC1q was calculated from partition coefficient K av using the log (MW) (K av ) standard curve. K av was calculated from the following equation:
where V e , elution volume, V 0 , void volume estimated with blue dextran, V t , total accessible volume estimated from the conductivity peak of the sample salts.
Sedimentation velocity
The sedimentation velocity analytical ultracentrifugation (SV) experiment was conducted in a Beckman Coulter ProteomeLab XL-I ultracentrifuge (Software version 6.0, Beckman Coulter Inc., Brea, CA, USA). An-60Ti rotor and cells with charcoal-filled Epon Ò centrepieces were used. The sample sector was filled with 400 lL of hOtolC1q or dOtolC1q in buffer B with 1 mM EDTA or 10 mM CaCl 2 , and the reference sector contained 400 lL of an appropriate buffer. The experiment was conducted overnight at 50 000 rpm at 20°C. Sedimentation was monitored by absorbance at 280 nm. Time-corrected data [73] were analysed using SEDFIT software (http://www.analyticalultracentrifugation.com). The densities and dynamic viscosities of buffer B with 1 mM EDTA and buffer B with 10 mM CaCl 2 (1.035 gÁmL À1 and 1.225 cP for both), as well as the partial specific volumes of hOtolC1q (0.734 mLÁg
À1
) and dOtolC1q (0.723 mLÁg
) at 20°C were calculated using SEDNTERP (http://rasmb.org/ sednterp/) [74] . Sedimentation coefficients (s), integrated water-corrected sedimentation coefficients (s 20;w ), frictional ratios (f/f 0 ) and the MW app were calculated using the continuous c(s) distribution model with at least 10 points per 1 S. Maximum entropy regularization with p = 0.68 was applied [75] . The quality of the fits was assessed using RMSD values, residual distributions and residual histograms.
Circular dichroism
Circular dichroism experiments were conducted using a Jasco J-815 spectropolarimeter (Jasco Inc., Easton, MD, USA). 200 lL of 0.2 mgÁmL À1 hOtolC1q or dOtolC1q was incubated at room temperature in buffer C supplemented with 1 mM EDTA, 0.1 mM CaCl 2 , 1 mM CaCl 2 , 10 mM CaCl 2 or 100 mM CaCl 2 for at least 1 h before taking measurements. Quartz SUPRASIL cuvettes (1 mm; Hellma Analytics, M€ ullheim, Germany) were used. Data were collected at 20°C from 260 to 200 nm at 50 nmÁmin À1 every 1 nm with five accumulations. Signals with a photomultiplier tube voltage below 500 V were chosen for further analysis. The secondary structure compositions of hOtolC1q and dOtolC1q were estimated from buffer-subtracted spectra using CDPro package [76] with a reference set of 43 soluble proteins and 13 membrane proteins (SMP56). Estimations from CDSSTR and CONTIN-LL programs were averaged. After collecting the whole spectra, samples were heated at 2°CÁmin
À1 from 20 to 95°C with incubations every 1°C.
After the temperature had stabilized, CD signals at 218 nm and 233 nm were collected for 8 s each. The average rate of heating during the whole experiment was 0.5°CÁmin 
Differential scanning fluorimetry
Differential scanning fluorimetry protocol was based on the high throughput procedure [55] . 5 lM hOtolC1q or dOtolC1q (final concentration) was incubated at room temperature in buffer B supplemented with 1 mM EDTA, 100 lM CaCl 2 , 1 mM CaCl 2 , 10 mM CaCl 2 or 100 mM CaCl 2 (final concentrations) for at least 1 h before taking measurements. Then, SYPRO Orange (Sigma Aldrich) was added to the final concentration 5x and incubated for 5 min. Afterwards, samples were heated at 1°CÁmin
À1 from 20 to 95°C in a Fluorolog-SPEX fluorimeter (HORIBA Scientific, Jobin-Yvon, Kyoto, Japan) equipped with a Peltier heating accessory. After excitation at 470 nm, fluorescence was measured at an emission of 570 nm, integration time was 1 s, excitation and emission slits were 3 nm. T m was estimated by calculating the first derivative at every time point:
where F i is the sample fluorescence at time step i, and T i , temperature at time step i. The maxima of the dF i /dT (T) function were used to calculate the T m.
Small-angle X-ray scattering
Solution small-angle X-ray scattering experiments were carried out using our laboratory SAXS/WAXS Xeuss 2.0 system (XENOCS, Sassenage, France) with MetalJet microfocus X-ray source (k = 0.124 nm) with a liquid metal (gallium alloy) target (Excillum AB, Kista Sweden). Scattering data for hOtolC1q (3.42 mgÁmL
À1
) and dOtolC1q (0.96 mgÁmL À1 ) prepared in buffer B supplemented with 1 mM EDTA or 10 mM CaCl 2 were collected within a scattering vector q range from 0.008 A À1 to 0.47 A À1 using a low noise flow cell and PILATUS 3R 1M hybrid photon counting detector (Dectris AG, Baden-Daettwil, Switzerland). Twelve and 18 frames, 10 min each, were collected for hOtolC1q and dOtolC1q respectively. The scattering data for hOtolC1q and dOtolC1q were screened for radiation damage and processed using FOXTROT [77] . Scattering signal of an appropriate buffer was subtracted using PRIMUS from ATSAS package [78] . The radii of gyration (R g ) of hOtolC1q and dOtolC1q molecules were calculated by the linear fit to the Guinier equation:
where the maximum value of q used in the analysis fulfilled the qÁR g < 1.35 criterion ( Table 3 ). The pair distance distribution functions p(r), as well as R g and the maximum diameter of particles (D max ) for both proteins, were calculated from the scattering data using the indirect Fourier transformation implemented in GNOM [79] . Porod volumes (V Porod ) were calculated in SC ATTER [80] . V Porod values were used to calculate MW app as described in [81] . SymmDock platform [82, 83] was used to construct putative hOtolC1q and dOtolC1q trimers from the I-TASSER models. We created dimeric models of hOtolC1q and dOtolC1q by removing one subunit from each trimeric structure. Models of hexamers were generated arbitrarily by aligning two trimers as if they would interact through calcium coordinating loops. EOM modelling was conducted with the His-tags introduced at the N termini of the subunits as dummy atoms. Initial pool of 10 000 models for each proposed oligomeric form of hOtolC1q and dOtolC1q (monomer, dimer, trimer and hexamer) was generated using RANCH [84] and mix of them (40 000 models in total) was used in the analysis. Ensemble with the best fit to the experimental data was generated using a genetic algorithm implemented in GAJOE [84] . CRYSOL [85] was used to calculate the theoretical scattering curves of obtained models and the homologous C1q-like domain trimers, which structures are deposited in the PDB database. This program was also used to compare the calculated theoretical SAXS curves with the experimental data.
Low-resolution structures of hOtolC1q and dOtolC1q were calculated using ab initio modelling implemented in DAMMIN [86] . The packing radius of dummy atoms was 1.8
A. The obtained models were averaged and filtered by DAMAVER [87] using default parameters. Superposition of the final OtolC1q models with the crystal structure of TNFa were done in SUPCOMB [88] from ATSAS package. The envelopes of low-resolution SAXS models were calculated in PyMOL [89] .
